Abstract
INTRODUCTION
H igh intraocular pressure (IOP) is the main risk factor for the development and progression of glaucoma [1] .
Moreover, nowadays IOP is the only factor that, when treated, has demonstrated to improve the control of this disease [1] .
Today's gold standard for measuring IOP is Goldmann applanation tonometry (GAT), however its measurements are conditioned by various corneal variables. Amongst them, central corneal thickness (CCT) has revealed to be one of the most important confounders of this tonometry method [2] [3] .
In an attempt to overcome this dependence several new IOP-measuring instruments have been developed. These instruments include the rebound tonometer, the ocular response analyzer and the Pascal dynamic contour tonometer (DCT) [4] . DCT measurements have proved to be more independent of the corneal characteristics that are known to affect GAT measurements [4] . Nonetheless, several studies have highlighted that, though more independent, DCT is also conditioned by corneal structure [4] [5] [6] [7] . Despite the consistent body of evidence that proves the effect of CCT on diverse tonometry systems, very few studies have analysed whether other corneal thicknesses different from that of the main centre, could have any impact on IOP measurements [7] [8] [9] [10] . The present study was designed to determine the effects of peripheral corneal thickness (PCT) on IOP as determined through DCT and GAT.
SUBJECTS AND METHODS
We performed a cross-sectional study on healthy volunteers to determine the effect of PCT on DCT and GAT readings, adjusting for age and sex. Volunteers were recruited among the staff of the Hospital Clínico San Carlos, Madrid, Spain. The study protocol (branch of the study protocol HCSC-FSFSBY-CORNEA&HRT/1) was approved by our institution's Review Board (Ethics Committee of the Clinico San Carlos Hospital of Madrid Spain) and complied with the guidelines of the Declaration of Helsinki. Written informed consent was obtained from each participant before inclusion in the study. The study examiners were masked to patients' personal data to protect their confidentiality. All the study participants were Caucasian. Exclusion criteria were: a spherical equivalent greater than 5 diopters or 3 or more dioptres of astigmatism, a best corrected visual acuity lower than 20/25, IOP higher than 24 mm Hg or glaucomatous appearance of the optic disc. We also excluded subjects who had undergone previous eye surgery or had any corneal disease. One eye per participant was analyzed; if both eyes fulfilled the inclusion and exclusion criteria, the eye to be analyzed was selected through an automatic randomization system (www.randomization.com). All the study participants underwent a Pentacam (Pentacam, Oculus, USA) examination and ultrasound pachymetry (Dicon P55, Paradigm Medical Industries Inc., Salt Lake City, UT, USA), DCT (SMT Swiss Microtechnology, Port, Switzerland), GAT (Haag-Streit AG, Gartenstadtstrasse 10, 3098 Koeniz, Switzerland). All the examinations were performed by the same ophthalmologist, though, to avoid the introduction of observer bias, the ophthalmologist was masked to the results of all the devices which were collected by other examiner. Given it is a non-contact procedure, the Pentacam evaluation was performed first; the remaining exams were conducted in random order according to an automated randomization procedure (www.randomization.com). Then using the pachymetric maps generated by the Pentacam (this instrument makes thickness measurements across the entire cornea perpendicular to its surface separated by a distance of 1 mm), we constructed a model of circular (no circumferential) corneal thickness segmentation centered at the corneal apex. To construct this model we created a software which, firstly, calculates the corneal contour as a function of the radius from the corneal apex to each pixel of the corneal limbus; note that, for the orientations which do not correspond to any pixel of the corneal contour, the corneal radius is obtained by linear interpolation of the nearest data pixel available; secondly, the software generates a central circumference with 1 mm radius and then, the remainder of the cornea, apart from the central circle, is segmented in 5 rings concentric with the corneal apex; therefore, the diameter of each ring is not constant around the corneal circumference as a consequence of the irregular contour of the cornea but the software keeps constant the diameter of each ring in each direction of the corneal contour. PCT was determined as the mean thickness of the most eccentric ring (that is the fifth ring moving outwards from the apex).
From each quantitative variable (GAT, DCT, age in years and PCT), mean with its 95% CI and standard deviation were determined. Their distributions were depicted using box-plots. Sex distribution was presented as the percentage of males and females.
To examine the pattern of the dependence of GAT and DCT measurements on PCT, two locally weighted scatterplot smoothing (LOWESS) regression were conducted. Thereafter, two multivariable linear regression models were constructed. In each of them, the dependant variable was GAT and DCT measurements respectively. In both of the regression models the main predictive variable was PCT though, LOWESS regression pattern was considered to decide the most suitable way to model the relationship between the dependant variables and the predictor one: linear (first degree polynomial), n-degree polynomial, fractional polynomial, etc. Age and sex were also introduced together with PCT as control variables. To study the presence of interactions between the main predictive variable (PCT) and control variables (age and sex), first order interactions (products) were also included as predictors in the regression models. Control variables were considered to produce confusion if their removal from regression models produced a change on PCT regression coefficient (B) greater than 10%. The amount of IOP variation explained through both regression models was determined (R 2 ). The regression coefficients (B) of the predictor variables were calculated. Predicted means of IOP for each value of PCT (in steps of 20 mm), were determined for both regression models. Sample size was calculated on the basis of previous research on the effect of corneal thickness on GAT and DCT measurements in order to provide 90% power to detect a regression coefficient equal or greater than 0.05 assuming an a risk of 5%. RESULTS On the basis of previous research on the effect of corneal thickness on GAT and DCT measurements [5] . We estimated a ) also shows a significant effect on GAT readings (B=0.00081; 95% CI: 0.00043, 0.00118). Table 2 and Figure 6 provide the predicted GAT means along with theirs 95% CIs for the values of PCT ranging from 600 mm to 800 mm in steps of 20 mm. Figure 7 provide the predicted DCT means along with theirs 95% CIs for the values of PCT ranging from 600 mm to 800 mm in steps of 20 mm. No significant interaction term arose in both models. Neither age nor sex produced a significant effect on IOP measurements. Moreover, the removal of age and/or sex from both regression models did not produce a clinically significant modification in the regression coefficients of PCT and PCT 2 (effect <10%), thus adjusting for these variables was discarded. DISCUSSION GAT remains the gold standard for IOP determination. Nonetheless, its readings are conditioned by several morphometric variables of the eye such as corneal thickness, curvature, hysteresis and ocular the longitudinal axis [11] . Amongst those parameters, CCT is one of the main sources of confounding for this device [12] [13] [14] . Interestingly, apart from its confounder role, CCT has been identified as a risk factor for both developing glaucoma and progressing, for those already diagnosed with this disease [15] [16] . The dependence of GAT on corneal factors, especially on CCT, along with the failure of the attempts to estimate formulas or nomograms to correct GAT readings according to CCT [17] [18] [19] , has led to the development of new tonometry systems that pretend to be less influenced by any extrinsic variable. Amongst these, DCT has proved to be as perhaps the most independent tonometer from morphometric parameters [4] , however, several studies have put forward that this independence is not absolute [4] [5] [6] [7] . Nevertheless, there is no absolute consensus in the literature about the dependence of DCT on CCT. Moreover, there is not a definitive agreement with regard to the exact relationship that exists between GAT and corneal variables [20] [21] [22] [23] [24] [25] [26] [27] . On the contrary, a wide consensus exists with regard to the fact that DCT tends to overestimate IOP compared to GAT [4, [19] [20] [21] . Riva et al [28] have studied the relationship between DCT and GAT readings and intracameral assessed IOP in glaucomatous patients, showing that, whereas DCT overestimates intracameral IOP, GAT underestimates it. These authors found a similar influence of CCT on both DCT and GAT.
In clear opposition to the flamboyant technological deployment that the development of the new tonometers have supposed, few attention seems to be paid to the technique and procedures used to determine corneal thickness. In this respect, ultrasound pachymetry continues to be the most widespread method to determine CCT at least in the field of glaucoma. In this method, an examiner places the ultrasound probe approximately, let's not say haphazardly, in the centre of the cornea. Despite de former, ultrasound pachymetry has shown to be a quite reliable and reproducible method [29] , although it has been demonstrated that the Pentacam shows higher reproducibility [30] . Nonetheless, several studies have put forward the utility of this pachymetric method in the field of glaucoma [31] [32] , though their results are not completely interchangeable with those of the Pentacam [33] . With regard to the importance of other corneal thicknesses apart from CCT in the field of glaucoma, a non-significant lower peripheral thickness in patients diagnosed with normaltension glaucoma (NTG) than in healthy subjects has been reported [34] . In addition, Tonopen IOP measurements performed at the peripheral cornea are conditioned by corneal thickness estimations performed at the same point [35] . A comparison of central and paracentral corneal thicknesses between ocularhypertensive (OHT) subjects and NTG patients revealed that the former group tended to have higher values than the later [36] . Is noteworthy that all non-central thickness performed in the above studies are punctual estimations [34] [35] [36] . In previous research, we considered that the estimation of the mean thickness of corneal zones rather than punctual measurements could provide with a more realistic scheme of corneal thickness pattern. Apart from the former, we also considered that these zones should have a rational disposition, thus, we decided to use corneal apex as the main reference point to locate this areas. Thereafter, we designed a software based on the pachymetric maps provided by the Pentacam to virtually divide the cornea in different ring-shaped patterns. These segmentation schemes provided the mean thickness of several non-central corneal areas which, not only proved to affect different tonometry devices [5, 7] , but also showed a significant effect when considering corneal thickness as an independent glaucoma risk factor [7, [37] [38] . One of the main problems that arose with our partitioning design was the hyper-correlation between the mean thicknesses of different corneal zones which could result in a collinearity phenomenon when introducing these thicknesses altogether in the regression models. The approach of the present study differs slightly from our former works as we have considered PCT as the unique main predictor. In our study, PCT was defined as the mean thickness of an eccentric corneal ring concentric with the corneal apex. To determine this ring, our software firstly defines the corneal contour as a function of the radius from the corneal apex to each pixel of the corneal limbus; secondly, the software generates a central circumference of certain diameter (as determined by the examiner) and then, the remainder of the cornea, apart from the central circle, is segmented in as many rings as the examiner decides; we would like to highlight the fact that diameter of each ring is not constant around the corneal circumference as a consequence of the irregular shape of the corneal contour but the software keeps constant the diameter of each ring in every direction. Therefore, PCT was defined as the mean thickness of the most eccentric corneal ring which, centered at the corneal apex, results from dividing the cornea in several regions consisting in the central circle and the rings concentric with it. The decision on the diameter of the central circle and the number of concentric rings was a result of a tradeof between the amount of IOP (dependant variable) variation explained by the regression models and the maximum area of peripheral corneal analyzed: in this case, for both DCT and GAT it was a central circle of 1 mm radius and five concentric rings. Remarkably, the amount of IOP variation is higher in our model than when using CCT as the main predictor (11% for GAT and no significant variation for DCT).
Another issue that we consider should be taken into account is the fact that the dependence of IOP (as measured by both DCT and GAT) on PCT, rather than linear, is better modelled with a second-degree polynomial equation. Furthermore, there is not a statistically significant linear relation between DCT or GAT and PCT. The explanation of the biological reason for the pattern of this relationship between IOP and PCT is beyond the scope of this study. As far as we are aware, there is not a previous report in scientific literature which models the relationship between IOP and corneal thickness using a nonlinear model. This study presents a non-linear dependence of DCT and GAT measurements on PCT. In our opinion, this fact supports the idea that the relationship between IOP measurements and corneal thickness is by far more complex than that explained by CCT alone. One of our major concerns is the fact that our analysis is limited to a sample of healthy Caucasian volunteers; the reason for including just subjects from this ethnic group is that in our institution the population attended is mainly Caucasian. Further studies should be performed to confirm if our results are applicable to other ethnic groups and to patients suffering from OHT or glaucoma in its various forms.
